Background: To examine the repeatability of choroidal thickness measurements across a 55 field, in a sample of healthy young adults using wide-field enhanced-depth imaging opti-
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However, an important factor in understanding measurements of the peripheral choroid is the magnitude of measurement error and repeatability, in order to distinguish clinically significant changes from measurement error.
Given the limited availability of automatic procedures for the segmentation of the anterior and posterior boundaries of the choroid, choroidal thickness is commonly measured manually using the in-built callipers of commercially available OCT instruments or through semi-automatic procedures (wherein an observer manually checks and corrects any errors in automatically segmented choroidal images). These manual or semi-automatic measurements of choroidal thickness are subject to observer-related measurement errors. Consequently, numerous studies have examined the intraobserver repeatability of manually derived choroidal thickness measurements of healthy individuals and have reported intraobserver co-efficients of repeatability (CR) ranging from 7 μm to 63 μm. 4, 5, [10] [11] [12] [13] Normal biological changes represent another source of potential variation when choroidal thickness is monitored over time (for example diurnal 14 and pulsatile variations, 15 haemodynamic choroidal changes associated with the activity of the autonomic nervous system 16 and hormonal changes 17 ). This has prompted a range of studies to examine the intrasession (that is repeated choroidal imaging within the same day with up to a three-hour time interval between replicated scans) 2, 10, [18] [19] [20] [21] and intersession (that is repeated choroidal imaging on different days ranging from one day to four months apart) 22, 23 repeatability of choroidal thickness in normal cohorts with the reported CR varying considerably from 4 μm to 45 μm.
To date, the repeatability of choroidal thickness measurements beyond the central macular zone (5 mm area, ~17 ) has not been investigated. The majority of studies have primarily focused on choroidal thickness measured at the fovea, or across several discrete choroidal locations, or the average thickness across different choroidal zones within the macular region. To improve the current understanding of the repeatability of peripheral choroidal thickness measurements, this study examined the intraobserver and intersession repeatability of wide-field choroidal thickness measurements (across a 14 mm area, approximately 55 ) derived from enhanced-depth imaging (EDI) OCT in a sample of healthy young adults.
Methods

Subjects
In this prospective study, 27 young adults (48 per cent male) aged 27 AE 5 years with a mean refractive error of −0.94 AE 1.65 D (52 per cent emmetropes with spherical equivalent refraction between −0.50 and +0.75 D inclusive and 48 per cent myopes with spherical equivalent refraction between −0.75 and −6.00 D inclusive) were recruited from the staff and students of the Queensland University of Technology (QUT), Brisbane, Australia. The majority of participants were Caucasian (n = 13), and the remaining had Indian (n = 6), East Asian (n = 5), and Middle Eastern (n = 3) ethnic backgrounds. Subjects with more than −6.00 D of myopia, +1.00 D of hyperopia, and 1.00 D of astigmatism were excluded, along with those with any systemic or ocular pathology or abnormal stereoacuity (>60 seconds of arc). The subjects had no contraindications to soft contact lens wear based on slitlamp biomicroscopy and were not undergoing any myopia control treatment. To minimise any short-term variations in choroidal thickness associated with smoking, 24 caffeine, 25 and alcohol, 26 only non-smokers were included and all subjects were asked to refrain from the consumption of alcohol and coffee for a minimum of four hours prior to each study session.
Written informed consent was obtained from all participants and the study procedures adhered to the tenets of the Declaration of Helsinki and were approved by the QUT human research ethics committee.
Imaging procedures
Two series of wide-field EDI OCT images were collected from the right eye of each participant on two separate days (mean time between visits 19 AE 15 days) using the Spectralis OCT (Heidelberg Engineering Co, Heidelberg, Germany). The wide-field lens module was used, which enables a widefield image of the retina and choroid to be obtained in a single image acquisition. A high-resolution EDI volumetric scanning protocol was employed (55 wide × 45 high), including 37 horizontal line scans centred on the fovea with an inter-scan distance of 360 μm. Each line scan was the average of 30 B-scans using the automated real-time image averaging feature of the Spectralis. 27 The volumetric scan obtained at the first session was set as the reference for the second scan using the follow-up mode of the instrument to ensure that the same choroidal region was imaged during the two study visits.
In order to minimise the intersession variability in choroidal thickness associated with the natural diurnal rhythm of choroidal thickness, 14 all data were collected at the same time of day at least two hours after waking (the mean acquisition time for the first visit was 10:51 hours AE 80 minutes, and 10:45 hours AE 78 minutes for the second visit). The potential impact of near tasks 28 and physical activity 29 on choroidal thickness was reduced by providing a 20-minute wash-out period prior to each study session during which the subjects watched a movie from a distance of five metres with optimal refractive correction. The room lighting was maintained at low photopic levels (10 lux), both during the wash-out period and all imaging procedures, to limit the potential effects of ambient light changes on choroidal thickness. 1 To eliminate the potential confounding effect of image defocus upon choroidal thickness, 30, 31 OCT scans were acquired while the spherical equivalent refractive error of both eyes was corrected using a daily disposable soft contact lens (Proclear Daily, omafilcon A; CooperVision Inc., Trumbull, Connecticut, USA). The contact lens had minimal effect on OCT image quality or choroidal thickness; consistent with previous studies examining the effect of contact lens wear upon retinal thickness. 32 Each contact lens was allowed to settle on the eye for five minutes and lens centration was confirmed with slitlamp biomicroscopy prior to the wash-out period. During OCT imaging, both eyes of the participants were open with each eye simultaneously viewing a different target; the right eye (the eye being scanned) viewed the fixation light inside the OCT positioned at optical infinity, while the fellow eye fixated the centre of a high-contrast Maltese cross at five metres distance (a dichoptic viewing condition). Subjects were required to maintain fixation at the centre of the free-space Maltese cross during imaging.
Regional measurements of choroidal thickness
The variation in regional measurements of choroidal thickness caused by image magnification, primarily associated with the axial dimensions of the eye and to a lesser extent the ocular refraction, was accounted for using a similar method to that described by Read et al. 4 Briefly, individual measures of the axial length, anterior chamber depth, crystalline lens thickness, mean corneal curvature, and ocular refraction were used to determine the power of the eye and the crystalline lens in order to locate the second nodal point of the eye relative to the retina using the 'step along' method. 33 Since the retinal curvature across the central~140 area approximates a spherical shape regardless of the degree of refractive error, 34 a scaling factor was calculated assuming a spherical retinal shape. 35 Given that the presence of the contact lens during OCT imaging influences the refraction and biometry of the eye, measures of non-cycloplegic objective refraction and optical biometry (required for image magnification correction) were acquired from the right eye using the Shin-Nippon NVision-K5001 open-field autorefractometer (Shin Nippon, Tokyo, Japan) and Lenstar LS 900 (Haag-Streit AG, Koeniz, Switzerland) respectively with the contact lens in place, and these data were used to adjust the transverse scale of the OCT images to account for the effects of ocular magnification. After magnification adjustment, regional measurements of choroidal thickness were then extracted from these 55 wide-field B-scans, which varied in width from 15.2 mm to 18.3 mm across subjects.
The volumetric B-scan images were automatically segmented to delineate the anterior and posterior boundaries of the choroid using a custom-written algorithm, 36 followed by the correction of segmentation errors by an experienced observer who was masked to the scan order. The anterior boundary of the choroid was traced along the outer border of the hyper-reflective line corresponding to the retinal pigment epithelium/Bruch's membrane complex, while the posterior boundary of the choroid was identified as the inner border of the hyper-reflective line corresponding to the chorioscleral junction. The position of the fovea, defined as the deepest point of the foveal pit, was manually marked on the trans-foveal line within the series of volumetric line scans. The optic nerve head boundaries, characterised as the termination of Bruch's membrane, were manually marked on the B-scans traversing the optic nerve and this area was excluded from further analyses due to the absence of choroidal tissue. Using the choroidal segmentation data from the volumetric B-scans, the custom-written software generated wide-field choroidal thickness maps across the 55 × 45 area centred on the fovea. The thickness of the choroid was determined using the Laplace method which provides more accurate measures of choroidal thickness than conventional thickness metrics, particularly given the curvature of the posterior pole in peripheral regions and the non-uniform profile of the choroid in the area surrounding the optic nerve head. 37 The Laplace method was originally employed in the thickness estimation of convoluted brain tissue, 38 but has been recently used to measure the thickness of scleral contact lenses, 39 the peripheral retina 37 and choroidal 27, 37 tissues. It relies on mathematical modelling of the thickness as a series of nested sublayers and calculates the thickness along a series of sequential lines perpendicular to each sublayer that connect the anterior and posterior boundaries of the choroid. 37 A bilinear algorithm was used to interpolate the choroidal thickness between the volumetric line scans. Given that the anatomical variation in the relative position of the fovea and optic nerve head results in a potential source of individual variability in regional measures of choroidal thickness, the variability in the disc-fovea angle (defined as the angle between the horizontal trans-foveal line and the line connecting the centre of the optic disc to the fovea) was accounted for by rotating the en-face retinal image obtained during the OCT imaging (and the corresponding choroidal thickness map) around the fovea to reduce this angle to zero for all subjects. 3 The rotated and scaled wide-field choroidal thickness maps were then aligned at the fovea across all subjects to facilitate direct comparison of choroidal thickness over a series of concentric annuli including; the foveal, parafoveal, perifoveal, near-peripheral, and peripheral eccentricities (outer annuli diameters of 1, 3, 5, 8, and 14 mm, respectively) within the nasal, superior, temporal, and inferior quadrants ( Figure 1A ). This alignment process resulted in missing data at the extreme nasal (24 per cent of this area missing), superior (27 per cent), temporal (18 per cent), and inferior (17 per cent) peripheral and nasal near-peripheral (12 per cent) regions ( Figure 1B ). To minimise manual segmentation procedures, the repeatability analysis of wide-field choroidal thickness was based on data from every second line scan of the 37-line volumetric scan.
Statistical analysis
Variations in choroidal thickness associated with measurement order (two levels), choroidal eccentricity (five levels), and choroidal quadrant (four levels) were examined for both the intersession and intraobserver analyses of choroidal thickness repeatability using repeated measures analysis of variance (ANOVA). The intersession CR for each eccentricity and quadrant was calculated using the method described by Bland and Altman (that is CR = 2.77 × S w ; with CR values rounded to the nearest micron), where S w indicates the within-subject standard deviation for repeated measures of the wide-field choroidal thickness. 40 The CR provides an estimate of the threshold for clinically measurable changes in repeated measures of choroidal thickness. The masked observer also performed manual segmentation of the choroid twice for images from the first session on 12 randomly selected subjects (mean refractive error −1.40 AE 1.76 D, six myopes and six emmetropes) to determine the intraobserver CR. The 95% confidence interval (CI) for the intersession and intraobserver CR values were also calculated. Bland-Altman plots of the difference in intersession and intraobserver repeated measures of wide-field choroidal thickness against the respective mean values were generated for each choroidal eccentricity and quadrant, with the exact 95% CI for the upper and lower limits of agreement (LOAs). 41 Variations in intersession and intraobserver repeatability of choroidal thickness measurements across eccentricities and quadrants of the choroid were further compared using the F-test with Bonferroni adjustments for multiple comparisons. . near-periphery, e. periphery) following adjustments for image magnification associated with axial ocular biometrics and refractive error and accounting for the inter-subject variation in the disc-fovea angle. B: The mean wide-field choroidal thickness map was subsequently generated across common points of all subjects leading to areas lacking choroidal thickness data (the white regions in the nasal near-peripheral, and nasal, superior, temporal, and inferior peripheral zones). The colour scale in B represents choroidal thickness in micrometres.
The influence of sex (13 males versus 14 females) and refractive error (14 emmetropes versus 13 myopes) on the observed variability in choroidal thickness across two study sessions was investigated for each choroidal eccentricity and quadrant. The association between the regional measures of choroidal thickness and intraobserver and intersession repeatability values were also investigated using Pearson's correlation analysis.
Results
The intraobserver and intersession CRs and their respective 95% CI for measurements of wide-field choroidal thickness are presented in Table 1 (for different eccentricities)  and Table 2 (for different quadrants). Intraobserver repeatability (CR ranging 2-13 μm) was better than the intersession repeatability (CR ranging 5-27 μm) across all choroidal eccentricities and quadrants. Repeated measurements of choroidal thickness averaged over each quadrant (intraobserver CR 2-3 μm and intersession CR 5-7 μm) were found to exhibit better repeatability than measurements made at different choroidal eccentricities (intraobserver CR 2-13 μm and intersession CR 16-27 μm). Figure 2 displays the data from BlandAltman analyses for repeated measurements of choroidal thickness at different choroidal eccentricities and quadrants condensed into one graph to facilitate comparisons across regions. Intraobserver and intersession repeatability of choroidal thickness measurements did not vary significantly between quadrants (F-test, all p > 0.02). However, the repeatability of choroidal thickness varied with eccentricity, with intraobserver repeatability significantly improving from the central 1 mm foveal (CR 13, 95% CI 7-19 μm) toward the 1-3 mm parafoveal (CR 4, 95% CI 2-6 μm) and 3-5 mm perifoveal (CR 2, 95% CI 1-4 μm) eccentricities (p < 0.001 for foveal versus parafoveal and parafoveal versus perifoveal comparisons), and plateauing with no further improvement in the 5-8 mm near-peripheral (CR 2, 95% CI 1-3 μm) and (2) 7 (4-10)
CI: confidence interval, CR: co-efficient of repeatability, SD: standard deviation. The eccentricity-dependent changes in intersession repeatability of wide-field choroidal thickness was not significantly associated with sex (F-test, p > 0.05 across all eccentricities) or refractive error group (F-test, p > 0.05 across all eccentricities).
Increased choroidal thickness was weakly correlated with the intersession repeatability of choroidal thickness (r = 0.32, p < 0.001); however, the change in intraobserver choroidal thickness repeatability from the fovea toward the periphery was not significantly associated with the change in thickness of the choroid (r = 0.21, p > 0.05).
Discussion
In this study, the repeatability of wide-field choroidal thickness measurements was examined across a 55 region in a sample of healthy young adults, providing the first assessment of choroidal thickness repeatability beyond the macular region. Repeated measures of choroidal thickness within or between measurement sessions generally exhibited lower variability in the extramacular region (a 5-14 mm annulus) than the macular area (central 5 mm). Intraobserver repeatability (that is, the intraobserver CR) ranged from 2-4 (95% CI 1-6) μm in the extra-macular region compared to 3-13 (95% CI 1-19) μm within the macula.
Intersession CR also tended to be less at 16-20 (95% CI 10-28) μm beyond the macula compared to the variations observed in the macula (23-27, 95% CI 13-38 μm). Quadrant-based measures of choroidal thickness exhibited better intraobserver (CR 2-3, 95% CI 1-5 μm) and intersession (CR 5-7, 95% CI 3-10 μm) repeatability values than measures obtained at different choroidal eccentricities which may be explained by the larger area over which the choroidal thickness was averaged for the quadrant-based measures. Intraobserver repeatability of wide-field choroidal thickness varied 2-13 μm dependent upon choroidal eccentricity, with intraobserver variations diminishing progressively within the macula from the fovea (CR 13, 95% CI 7-19 μm) toward the perifovea (CR 2, 95% CI 1-4 μm) and plateauing in the outermost near-peripheral (CR 2, 95% CI 1-3 μm) and peripheral (CR 4, 95% CI 2-6 μm) regions. A number of other studies have also reported the intraobserver repeatability of choroidal thickness within the macular region 4,5,10-13 which are summarised in Table 3 (with calculations performed based on the available data to derive the CR 42 ).
While the intraobserver repeatability values observed for macular choroidal thickness are consistent with previous studies reporting the intraobserver errors in manual measurements of choroidal thickness at the fovea 10, 11 or across the macula, 4 the results from the current study demonstrate for the first time that choroidal thickness can also be reliably quantified in extra-macular regions using wide-field EDI OCT imaging, with minimal intraobserver measurement errors (ranging 1-6 μm) comparable to the axial resolution of the instrument (3.9 μm). A range of factors affect the intraobserver repeatability including the thickness of the choroid, the visibility and definition of the chorioscleral interface, and the method adopted for estimation of the choroidal thickness.
12,43
The results presented in Table 1 demonstrate that the errors associated with semiautomated measurements of choroidal thickness may also vary depending on choroidal eccentricity. While an individual choroidal thickness change of up to 19 μm in the foveal region may be attributed to intraobserver measurement errors, the magnitude of measurement error substantially reduces beyond the fovea, ranging 1-6 μm in the periphery.
Given the lack of an association between the regional variations in choroidal thickness and the magnitude of intraobserver repeatability of choroidal thickness (r = 0.21, p > 0.05), it is unlikely that regional choroidal thickness changes solely underlie the eccentricity-dependent variations in intraobserver repeatability. Investigation of the choroidal images exhibiting worse intraobserver repeatability in the foveal region revealed a well-defined chorioscleral interface in all images, and the variability appeared to be associated with the inherent observer error in the semi-automatic segmentation of the choroid in this region.
Alternatively, the larger area of the peripheral regions over which choroidal thickness was averaged, compared to the substantially smaller foveal region, may have contributed to the improved intraobserver variability of choroidal thickness measurements beyond the fovea. Modelling of the variation in the intraobserver repeatability associated with the area of thickness measurement revealed that 91 per cent of the improvement observed in the intraobserver repeatability from the fovea toward the periphery was explained by the repeatability variation associated with increased area over which choroidal thickness was averaged.
Only a few studies have examined the intersession repeatability of choroidal thickness, and these studies have been limited to sub-foveal measurements, with intersession CRs ranging 23-25 μm across a time span of one day to four months (Table 4) . 22, 23 In the current study the variation in choroidal thickness across two different sessions separated by an average of 19 days varied with eccentricity in healthy young adults, with maximum intersession CR values of 27 μm (95% CI observed in the fovea that reduced to 16 μm (95% CI 10-23) in the outermost peripheral region. While the observed intersession repeatability of choroidal thickness in the foveal region is similar to the sub-foveal measurements of Benavente-Pérez et al. 22 and Ikuno et al., 23 the data presented in the current study extend these findings by providing further insight into the repeatability of choroidal thickness measures beyond the fovea, across a substantially wider area spanning the central 55 .
A range of factors known to cause shortterm changes in choroidal thickness were controlled for in this experiment, including retinal image defocus, 30 factors to confound the estimation of the intersession repeatability of choroidal thickness. An EDI OCT scanning protocol was also employed with retinal tracking technology that enables precise scanning of identical retinal locations over time; therefore, the intersession repeatability values were unlikely to be influenced by inaccuracies in the alignment of the follow-up scans with the baseline scan. The improved intersession repeatability of choroidal thickness in the periphery could also be an artefact caused by differences in the sizes of the foveal and peripheral regions analysed, with 27 per cent of the improvement observed in the intersession repeatability from the fovea toward the periphery predicted by the increased area over which the choroidal thickness was averaged. The choroid is highly vascularised and is richly innervated by the autonomic nervous system 45 and intrinsic choroidal neurons which are more distributed centrally than peripherally. 46 Therefore, the eccentricity-dependent changes in intersession repeatability of choroidal thickness could also be explained by typical daily variations in the tone of the autonomic nervous system or hormonal levels, potentially yielding more pronounced alterations in choroidal thickness at the fovea than peripheral regions.
Further, the reported association between choroidal thickness and systemic haemodynamic changes associated with the menstrual cycle 17 is unlikely to underlie the observed intersession variations in choroidal thickness, since the magnitude of these variations was not found to be associated with sex across all choroidal eccentricities. Given the range of potential confounding factors that have been controlled in this study, the observed intersession variations in choroidal thickness most likely signify true changes of yet unknown causes that may occur in follow-up examinations of choroidal thickness in heathy young adults. A limitation of this study was that only healthy young adults with emmetropia or moderate myopia were included. Given the association between the regional thickness of the choroid and the intersession variations in measures of choroidal thickness found in this study and a previous report of greater measurement variability in thicker choroids typically found in hyperopic individuals, 42 
Conclusion
This study adds to the limited number of previous studies examining the thickness of the choroid across macular and extramacular regions using wide-field EDI OCT. Semi-automatic measurements of choroidal thickness were more repeatable in the periphery than the central macular region in healthy young adults, with up to 19 μm and 6 μm of change in macular or extra-macular choroidal thickness respectively attributed to observer-related measurement errors. A change of up to 38 μm and 28 μm would be required to distinguish the clinically measurable change from measurement variability (with a type 1 error of five per cent) in individual measurements of macular and extra-macular choroidal thickness respectively with EDI OCT in healthy young adults.
